Experimental Investigation on Buckling of Thin Films in Mechanical-Thermal Coupled-Field  by Xue, X.L. et al.
Available online at www.sciencedirect.com
Physics Procedia 19 (2011) 158–163
doi:10.1016/j.phpro.2011.06.141
ICOPEN2011
Experimental Investigation on Buckling of Thin Films in 
Mechanical-Thermal Coupled-Field 
X. L. Xue, S. B. Wang*, H. K. Jia, L. A. Li, W. He 
Mechanics Department, Tianjin University, 300072, Tianjin, China 
Abstract 
The process of buckling of thin compressed films deposited on polymethylmethacrylate (PMMA) substrates under 
mechanical and thermal loadings has been investigated utilizing an optical microscope. Particularly, thermal cycling analysis on
thin film/substrate system under compression has been characterized to discuss the thermal fatigue property of aluminum film on
PMMA substrate. The influence of temperature which accords with the temperature range of the MEMS on buckling morphology 
has been discussed. The thermal stress caused by the mismatch in the coefficient of thermal expansion (CTE) between the film 
and substrate during heating process may lead to different buckling topography or induce cracking. 
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1. Introduction 
Thin films and coatings elaborated by sputtering method often develop high residual stresses due to the mismatch 
between thermal and mechanical parameters during the deposition process [1, 2]. Different materials and 
configuration in film/substrate system containing large residual stresses may cause all kinds of failure modes, such 
as delamination and buckling, cracking and fragmentation, debonding and spalling, thermal fatigue and thermal 
stress induced corrosion damage. Buckling of thin films deposited on substrates has caught continuous attention 
because it is a common interfacial failure phenomenon and the main damage mechanism for the film/substrate 
system. It has been shown that the telephone cord topology can be effectively modeled as a series of pinned circular 
buckles along its length, with an unpinned circular buckle at its front [3]. Analysis of blisters in spontaneously 
delaminated films using simple models has given a satisfactory estimate of the residual stress [4]. Straight wrinkles 
lying perpendicular to the compression axis arise at the surface above a critical stress and have a progress direction 
towards the center of the sample [5]. Undulations of very low amplitude appear also on these debonded regions. 
Film/substrate system in MEMS devices is often pre-fixed, so that it will endure some mechanical load in room 
environment. The generation of heat from film/substrate system during its working process enables it affected by 
some thermal load. In fact, the film/substrate system is usually subjected in multi-field of residual stress combining 
with thermal stress and mechanical loadings. In order to increase the understanding of thermal effects that influence 
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the characteristics of thin films, various experimental and computational exercises have been performed recently. 
Residual stress and thermal stress in thin copper films were investigated by the diffraction method using an in-lab X-
ray apparatus and a synchrotron radiation system [6]. Approaches to determine the critical thermo-mechanical 
factors, which control the integrity of thin and brittle inorganic coatings on high-elongation polymer substrates were 
reviewed [7]. Influence of thermal stresses dependent on the imposed thermo mechanical properties of substrate on 
electron transport in carbon–polymer nanocomposite films was discussed by Pandiyan et al. [8]. The buckling of a 
layer bonded to a compliant substrate into the primary strips wrinkling pattern was investigated by a 3-D thermo 
elastic analysis. Configurations consisting of monoclinic materials and subjected to stress fields which are either 
directly applied or indirectly induced due to a temperature change were considered [9]. 
Thermal barrier coating (TBC) is commonly used as protective coatings for advanced power engineering devices 
to improve performance and thermal efficiency [10]. The delamination buckling and spalling of  plasma-sprayed 
thermal barrier coatings was modelled using basic concepts  from  fracture  mechanics  and  the  theory  of  crack  
propagation[11]. Three kinds of the interface failure forms in TBCs system during compression tests, i.e. buckling 
delamination, edge delamination and global buckling failure at high temperature were obtained, which would be 
beneficial to recognize the buckling failure behavior of the ceramic coating and provide the useful experimental data 
[12]. 
In this paper, the focus will be on buckling behavior of thin aluminum films that are well bonded to PMMA 
substrates under mechanical-thermal coupled-field. An optical microscopy is used to image the surface morphology 
of the films. In particular, thermal cycling analysis on thin film/substrate system under mechanical load is studied to 
discuss the thermal fatigue property of aluminum film on PMMA substrate. Therefore, we can gain a preliminary 
understanding of the buckling delamination of the film under composite load, especially in mechanical-thermal 
coupled field. The study of the experiment may be of great significance to predict the life of film/substrate system. 
2. Experiment
2.1 Specimen 
Fig.1. Illustration of the Specimen (green for the aluminum thin film, red for thermal resistance, the middle layer for 
PMMA substrate) 
z
xAl 500nm film 
PMMA 
substrate 
Thermal 
resistance 
y
160  X. L. Xue et al. / Physics Procedia 19 (2011) 158–163
Thin aluminum films of 500nm thickness were deposited on PMMA substrates by vacuum magnetron sputtering. 
The substrate dimensions are nominally 2×9×11mm3 (Fig.1). A thermal resistance was put under the substrate to 
apply thermal load connecting with an intelligent temperature controller. The samples were heated at a controlled 
rate from room temperature to 35 C D (temperature of the aluminum film) and cooled back to room temperature. 
2.2 Axial loading device 
Fig.2 shows a schematic of the axial loading device. Two symmetrical piezoelectric translators were used to 
apply the mechanical load to the specimen with very minimal mechanical vibrations. A load cell is connected with 
one of the piezoelectric translators. This device operates at room temperature in air. Two fixtures were used to 
rigidly translate the specimen along the compression axis. In this experiment, the bolt set on the left side of the 
fixture, which has a good self-locking function to make a judgment of different axial force suffered by specimen, 
was used to impose different axial load. An optical microscope (Olympus U-CA) was put above the specimen to 
observe the surface topography of the film.  
         
Fig.2. Axial loading device 
3. Results and Discussion 
3.1 Thermal cycling under mechanical load 
                                         (a)                                                         (b)                                                       (c) 
Fig.3(a)Buckling shape of Al film under 6.7GPa axial pressure at room temperature(b)thermal cycle for one time to 
35 C D ( temperature of the film surface ) (c)thermal cycle for eight times 
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When a compressive load is applied along x axis on the substrate without thermal load, the film begins to 
debond and buckle (Fig.3.a) above a critical stress [13],
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with E  and Q being Young's modulus and Poisson's ratio of the film respectively is the film thickness and b  is 
half of the width of buckles. As the applied stress increased to 6.7GPa, additional buckles became apparent and 
expanded, as shown in Fig4.a. Then heat the substrate gradually until the film surface temperature up to 35 C D
below which the substrate stayed thermal-elastic at a controlled rate, afterwards cool it down to room temperature. 
Horizontal cracks appeared in some buckles, and a new straight-sided buckle has risen from the initial imperfection 
(Fig3.b). However, the width of the buckles has not changed obviously. After thermal cycles for eight times (Fig3.c), 
some new cracks come out, all in a direction perpendicular to the propagation direction of buckling. 
3.2 Stress analysis 
When the specimen is applied an axial compressive stress V' , straight-sided buckling is produced at room 
temperature with external stresses in the film as follow [14]:
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Where fE , sE  and fX , sX   are the Yong’s modulus and Poisson’s ratio of the film and substrate 
respectively, sV  is the additional stress induced in the PMMA substrate during the experiment. Prior to the film 
delamination, the initial compressive residual stress 0V of the film was biaxial and isotropic. Before heating the 
substrate, the total stress V  in the film is the sum of the internal stress 0V  and the external stress produced during 
the compressive process. When the substrate is heated, the substrate begins to expand. Due to the mismatch in the 
CTE between the film and substrate, thermal stress is generated in the film which can be written as 
( )T f s fE TV D D  '                                                                       (3)  
Where fD  and sD  are the thermal expansion coefficient of the film and substrate respectively, fE  is the Young's 
modulus of the film, and T'  a temperature rise from the room temperature to the measuring temperature. As a 
result, the total stress in the film can be obtained by the following relationship. 
                         0 TV V V V '                                                                         (4)   
Since s fD D! , 0TV ! [Eq.(3)], a result of tensile stress controlled by the thermal expansion of PMMA substrate 
enables the film in biaxial tension. Along x axis, the thermal stress is too small to resist the external compressive 
that the buckling morphology seems unchanged. Comparatively, since f sQ Q , yy 0V'   [Eq. (2b)], when the 
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substrate is under compression, the longitudinal stress along the y axis is relaxed allowing the straight tunnel to 
develop. Therefore, along the y axis the external stress yyV' characterizes as tensile stress. It is most likely a 
combination of yyV'  and TV  as tensile stresses along y axis that opposes the pre-existing compressive stress 0
V
present upon deposition, and eventually exceeds the Al fracture strength that motivates crack formation in 
longitudinal direction. 
In the cooling process, the substrate begins to shrink. With reduction of temperature, thermal stresses 
TV decreases induce the increase of compression stress along x axis, resulting in the appearance of crack 
propagation (Fig.3.b). As the film temperature increases and decreases in cycle for eight times, the horizontal cracks 
propagate in fatigue and some new cracks emerge (Fig.3.c). 
Since the strength of the aluminum film itself is very small, when attached to the substrate, the film is able to get 
enough intensity to work. After the film buckles and debonds from substrate, the film strength greatly reduced. 
Consequently, the film begins to crack as soon as the tensile stress in the film is large enough to exceed the fracture 
strength of the film. That is why the transverse crack is always generated on the buckles first. 
4. Conclusion 
Thin film buckling does occur when the compressive stresses in a film are sufficiently high. In this paper, 
buckling of thin aluminum films on PMMA substrates in mechanical-thermal coupled-field and thermal cycling 
analysis were investigated experimentally. This study reveals that thermal cycling of films may cause horizontal 
cracks on the buckles of aluminum film. Thermal stresses TV  play a key role on the membrane deformation and 
damage. 
Thermal stress caused in the course of heating  in Integrated Circuits (IC) and integrated system (IS) and thermal 
fatigue due to alternating thermal cycling are the main reason for failure of IC and IS as well as performance 
degradation and aging caused during the process of using. We can inhibit the film damage by the following methods. 
(1) Improve the quality of the film and minimize the initial defects in the film surface to suppress the formation 
of buckling. Besides, increase the film strength to stop the longitudinal tensile stress induced film fracture.  
(2) Select appropriate materials to minimize the difference of the Poisson's ratio between the film and substrate. 
This method can also inhibit the straight-sided buckling the subsequent transition of straight-sided buckling to 
telephone cords or varicose when unloading. 
(3)Make the CTE between the substrate and the film as close as possible to eliminate the transversal crack and 
fatigue crack growth caused by thermal stress. 
Further investigations are under way to obtain the distribution of the thermal stress by Finite Element Analysis. 
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